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Abstract. Polymerization-induced self-assembly (PISA) enables the facile synthesis of a wide range of 
block copolymer nano-objects in the form of concentrated dispersions. In this context, many 
surfactant-free reversible addition-fragmentation chain transfer (RAFT) aqueous emulsion 
polymerization formulations have been reported using various non-ionic and polyelectrolytic water-
soluble precursors for the steric stabilizer block. In the present study, we examine poly(2-(N-
acryloyloxy)ethyl pyrrolidone)  (PNAEP) as a new non-ionic stabilizer block. A trithiocarbonate-based 
PNAEP precursor with a mean degree of polymerization of 67 was employed as the steric stabilizer for 
the RAFT emulsion polymerization of styrene, n-butyl acrylate (nBA) or statistical mixtures thereof. 
RAFT emulsion polymerization of styrene using a VA-044 azo initiator at 80 °C and pH 7 led to 
essentially full conversion within 40 min with induction times as short as 10 min, while GPC analysis 
confirmed efficient chain extension and relatively low dispersities (Mw/Mn < 1.30).  Dynamic light 
scattering (DLS) studies indicated that systematically increasing the target DP from 100 to 700 enabled 
the z-average diameter of the resulting kinetically-trapped spherical nanoparticles to be varied from 
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55 to 156 nm. The same PNAEP67 precursor was then employed for the RAFT emulsion polymerization 
of nBA at 30 °C using a low-temperature redox initiator at pH 3. More than 99% conversion was 
achieved within 25 min and efficient chain extension was observed up to a PnBA target DP of 700. 
However, relatively broad MWDs (Mw/Mn = 1.38-1.64) were obtained, presumably owing to side-
reactions such as chain transfer to polymer. DLS studies indicated that a series of kinetically-trapped 
PNAEP67-PnBAx spheres (where x = 100 to 700) exhibited z-average diameters ranging from 45 to 141 
nm. Attempts to use this low-temperature initiator protocol for the homopolymerization of styrene 
led to essentially no conversion after 48 h at 30 °C. However, the statistical copolymerization of 45% 
styrene with 55% nBA could be achieved using this low-temperature redox initiator at 30 °C using the 
same PNAEP67 precursor. In this case, 1H NMR studies indicated a significantly longer induction period 
(95 min) compared to either homopolymerization. Nevertheless, once the copolymerization 
commenced, essentially full conversion of both comonomers could be achieved within 45 min. 
Differential scanning calorimetry analysis indicated that these statistical copolymers exhibited 
intermediate glass transition temperatures compared to the two respective homopolymers. The film 
formation behavior of selected diblock copolymer nanoparticles was briefly explored. 
 
Author to whom correspondence should be addressed (s.p.armes@shef.ac.uk) 
 
Introduction 
The development of controlled/living radical polymerization for vinyl monomers over the past twenty-
five years or so has enabled the synthesis of many examples of functional amphiphilic block 
copolymers with pre-determined molecular weights and narrow molecular weight distributions 
(Mw/Mn < 1.30).1-3 More recently, polymerization-induced self-assembly (PISA) has allowed the 
convenient preparation of a wide range of block copolymer nano-objects directly in the form of 
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concentrated dispersions.4 During PISA, a soluble homopolymer precursor is chain-extended in a 
suitable solvent such that the growing second block becomes insoluble at some critical chain length. 
This drives in situ self-assembly to produce sterically-stabilized spheres of tunable size. Depending on 
the precise PISA formulation, other morphologies such as worms, vesicles or lamellae can be 
obtained.5-16 PISA is much more scalable than traditional post-polymerization processing routes, 
because the latter are multi-step processes involving organic co-solvents and typically conducted in 
dilute solution.15, 17-20 Various living polymerization chemistries can be used for PISA, including 
reversible addition-fragmentation chain transfer (RAFT) polymerization,21-24 atom transfer radical 
polymerization (ATRP)25 and nitroxide-mediated polymerization (NMP).26 To date, the majority of PISA 
syntheses have been conducted using RAFT polymerization.27-36 Such radical-based polymerizations 
are tolerant of a wide range of monomer functionality and can be performed in both non-polar 
solvents37 and polar solvents,11, 38, 39 including water.36, 40, 41  
In principle, RAFT aqueous emulsion polymerization combines the advantages of traditional emulsion 
polymerization (fast polymerization rates, high final monomer conversions, low solution viscosities 
and a cost-effective, environmentally-friendly solvent) with good control over the molecular weight 
distribution (MWD) and convenient introduction of functional end-groups.42-49 Moreover, the covalent 
bond between the stabilizer and core-forming blocks leads to more effective and efficient stabilization 
compared to that achieved for surfactant-stabilized latexes prepared by conventional emulsion 
polymerization.50 In principle, such surfactant-free protocols should enable copolymer films to be 
prepared with superior transparency.51 Anionic steric stabilizer blocks such as poly(methacrylic acid) 
or poly(acrylic acid) have been employed for various RAFT aqueous emulsion polymerization 
formulations.52-54 However, their polyelectrolytic character produces nanoparticles with pH-
dependent colloidal stability.55 In principle, using non-ionic stabilizer blocks such as poly(ethylene 
glycol)  or poly(glycerol monomethacrylate) eliminates this problem.56-61 However, there are relatively 
few other examples of non-ionic stabilizer blocks in the aqueous PISA literature.62, 63 According to 
Lansalot and Rieger, increasing the scope of RAFT emulsion polymerization is expected to aid the 
4 
 
development of commercially-relevant PISA protocols.8 This deficiency is addressed in the current 
study. 
Poly(N-vinylpyrrolidone) (PNVP) is a highly polar, non-ionic water-soluble polymer. It can be readily 
prepared by conventional radical polymerization and its excellent biocompatibility, strong binding 
capacity and good film-forming ability has led to a wide range of commercial applications.64, 65 For 
example, PNVP is used as an excipient for pharmaceutical formulations, as an anti-dye transfer agent 
for laundry products, and as a film-forming agent for hair sprays and other cosmetics.66-69 PNVP-based 
diblock copolymers can be prepared by macromolecular design via the interchange of xanthates 
(MADIX, which is a type of RAFT polymerization).70-73 However, NVP is known to undergo undesirable 
side-reactions in aqueous media, leading to poor RAFT control and incomplete conversions.74-76 As far 
as we are aware, there are only two reported examples of the use of PNVP as a stabilizer block for 
RAFT aqueous emulsion polymerization.10, 77 Binaud et al. prepared PNVP-stabilized nanoparticles via 
RAFT aqueous emulsion polymerization of vinyl acetate (VAc). However, monomer conversions 
remained below 90% and the resulting PNVP-PVAc diblock copolymers had rather broad MWDs 
(Mw/Mn > 2.0) as determined by gel permeation chromatography (GPC). Furthermore, a relatively high 
proportion of PNVP stabilizer chains remained unreacted at the end of the polymerization, leading to 
a bimodal MWD. In principle, (meth)acrylic analogues of NVP should provide much better 
copolymerizability with a wide range of vinyl monomers, enabling the optimized PISA synthesis of 
well-defined pyrrolidone-based diblock copolymer nanoparticles in the form of concentrated aqueous 
dispersions. 
For example, Cunningham et al. polymerized 2-(N-methacryloyloxy)ethylpyrrolidone (NMEP) with 
good control in PISA syntheses conducted in both alcoholic78 and non-polar79 solvents.  However, 
PNMEP homopolymer is significantly less hydrophilic than PNVP and exhibits lower critical solution 
temperature (LCST) behavior. Indeed, this property was exploited to prepare PNMEP-core diblock 
copolymer nanoparticles via RAFT aqueous dispersion polymerization.80 Recently, Gibson et al. 
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prepared a series of PNMEP stabilizers with anionic carboxylate end-groups using an appropriate RAFT 
agent.81 This minor modification was sufficient to eliminate the undesirable LCST behavior and hence 
enable the synthesis of well-defined diblock copolymer spheres via aqueous PISA at pH 7 using PNMEP 
as an electrosteric stabilizer.81 However, such nanoparticles became flocculated in the presence of 
relatively low levels of added salt. In principle, this colloidal instability problem can be addressed by 
replacing NMEP with 2-(N-(acryloyloxy)ethylpyrrolidone (NAEP), which is significantly more 
hydrophilic.82 In this context, Deane et al. recently reported that a series of well-defined low-dispersity 
PNAEP homopolymers can be readily prepared by RAFT aqueous solution polymerization, with 
monomer conversions of more than 99% being achieved at reaction temperatures ranging from 30 to 
70 °C.83 Turbidimetry studies confirmed that such PNAEP homopolymers did not exhibit LCST behavior, 
while differential scanning calorimetry (DSC) experiments indicated relatively low glass transition 
temperatures (Tg) of between 10 and 20 °C. A range of PNAEP-based stimulus-responsive diblock 
copolymers were prepared via RAFT aqueous solution polymerization, with micellar self-assembly 
being observed on varying the solution pH or temperature. 
Herein we report the synthesis of well-defined PNAEP-based diblock copolymer spheres via RAFT 
emulsion polymerization of styrene, n-butyl acrylate or statistical mixtures thereof. Polystyrene is a 
model high Tg polymer that has been well-studied in the context of PISA.46, 49, 53, 55, 63, 84-86 Polystyrene-
based nanoparticles are straightforward to image by transmission electron microscopy (TEM), which 
aids morphological assignments. In contrast, poly(n-butyl acrylate) has a relatively low Tg (–54 °C) and 
can be considered to be a model film-forming polymer.58, 87, 88 Statistical copolymers based to these 
two comonomers enable the Tg to be tuned over a wide range, which is convenient for paints and 
coatings applications.43, 89, 90 1H NMR spectroscopy was used to study the kinetics of the optimized 
RAFT emulsion polymerization, while chloroform GPC was used to assess the evolution in the 
molecular weight distribution. Differential scanning calorimetry was used to determine Tg values for 
the resulting diblock copolymers. Finally, the film formation behavior of selected diblock copolymer 




Materials. 2-(N-Acryloyloxy)ethyl pyrrolidone (NAEP; 95%) was kindly provided by Ashland Specialty 
Ingredients (Cherry Hill, NJ, USA) and was purified by dilution with chloroform followed by sequential 
washes with 5% Na2CO3 solution, saturated NaCl solution, and finally deionized water. This solution 
was then dried over anhydrous MgSO4 prior to use. All chemicals used for NAEP purification were 
purchased from Sigma-Aldrich (Dorset, UK) and were used as received. Styrene (S), ascorbic acid 
(AsAc), potassium persulfate (KPS), 2-(dodecylthiocarbonothioylthio)-2- methylpropionic acid 
(DDMAT; 98%) and n-butyl acrylate (nBA) were purchased from Sigma-Aldrich (Dorset, UK). 2,2-
Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) was purchased from Wako and used 
without further purification. CDCl3 was purchased from Goss Scientific Instruments Ltd. (Cheshire, UK). 
All other solvents were purchased from Fisher Scientific (Loughborough, UK) and were used as 
received. Deionized water was used for all experiments.  
Preparation of PNAEP67 Macro-CTA. The synthesis of PNAEP precursors by RAFT aqueous solution 
polymerization has been previously reported83: NAEP (10.00 g, 54.6 mmol), DDMAT RAFT agent (199.0 
mg, 0.546 mmol; target DP = 100), and AsAc (1.0 mg, 5.5 μmol) were weighed into a 14 mL vial charged 
with a magnetic flea (reaction solution 1). This reaction solution was then placed in an ice bath and 
degassed with nitrogen for 30 min. Deionized water (4.372 g, 70% w/w) and KPS (1.5 mg, 5.5 μmol; 
DDMAT/KPS molar ratio = 100) were weighed into a second 14 mL vial (reaction solution 2) and 
degassed with nitrogen in an ice bath for 30 min. After 30 min, the vial containing reaction solution 1 
was immersed in an oil bath set at 30 °C. Reaction solution 2 was then added using a degassed syringe 
and needle to reaction solution 1 under nitrogen. The NAEP polymerization was allowed to proceed 
for 8 min before being quenched via exposure to air and immersed in an ice bath. 1H NMR analysis of 
the disappearance of vinyl signals at 5.9 and 6.4 ppm relative to the integrated four ethyl protons at 
3.4−3.8 ppm assigned to PNAEP indicated a monomer conversion of 62%. The crude PNAEP 
homopolymer was purified by dialysis against water (72 h) using a 3500 MWCO dialysis membrane 
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(Fisher Scientific) to give a PNAEP macro-CTA containing less than 1% residual monomer. Its mean DP 
was calculated to be 67 as judged by 1H NMR spectroscopy analysis in CDCl3 (comparison of the 
integral at 3.4-3.8 ppm (m, 4H) with that assigned to the methyl RAFT chain-end at 0.86-0.96 ppm (t, 
3H)). Chloroform GPC analysis indicated an Mn of 19.2 kg mol-1 and an Mw/Mn of 1.19.  
Synthesis of PNAEP67-PSx Diblock Copolymers via RAFT Aqueous Emulsion Polymerization of Styrene 
at 80 °C. A typical protocol used for the synthesis of the PNAEP67−PS350 diblock copolymer was as 
follows: PNAEP67 macro-CTA (0.185 g, 14.6 μmol), deionized water (2.880 g, corresponding to a 20% 
w/w solution) and VA-044 (1.580 mg, 4.9 μmol; PNAEP67/VA-044 = 3.0) were weighed into a 10 mL 
round-bottom flask charged with a magnetic flea. NaOH (20 µL, 1 M) was added to raise the pH to 7.0. 
This flask was then immersed in an ice bath and the solution was degassed with nitrogen for 30 min. 
Styrene (1.0 g) was weighed into a separate 14 mL vial and degassed with nitrogen in an ice bath for 
30 min. After 30 min, styrene (0.59 ml, 5.12 mmol; target DP = 350) was added to the flask using a 
degassed syringe and needle under nitrogen. The contents of the flask were then stirred vigorously to 
ensure thorough mixing and degassed for a further 5 min before being immersed in an oil bath set at 
80°C. The styrene polymerization was allowed to proceed for 2 h before being quenched by exposing 
the reaction solution to air and immersing the reaction vial in an ice bath. 1H NMR spectroscopy 
analysis of the disappearance of vinyl signals at 5.3 and 5.8 ppm (relative to the integrated five 
aromatic protons at 6.3–7.2 ppm assigned to PS) indicated a final styrene conversion of 99%. 
Chloroform GPC analysis indicated a Mn of 46.6 kg mol
−1 and an Mw/Mn of 1.28. Other target diblock 
copolymer compositions were obtained by adjusting the styrene/PNAEP67 molar ratio. 
Synthesis of PNAEP67-PnBAx Diblock Copolymer Nanoparticles via RAFT Aqueous Emulsion 
Polymerization of n-Butyl Acrylate at 30 °C. A typical protocol used for the synthesis of the 
PNAEP67−PnBA500 diblock copolymer was as follows: PNAEP67 macro-CTA (0.185 g, 14.6 μmol), 
deionized water (4.501 g, corresponding to a 20% w/w solution) and KPS (1.320 mg, 4.9 μmol; 
PNAEP67/KPS = 3.0) were weighed into a 10 mL round-bottom flask charged with a magnetic flea. HCl 
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(10 µL, 0.2 M) was added to reduce the pH to 3.0. This flask was then immersed in an ice bath, and 
the solution was degassed with nitrogen for 30 min. nBA (1.500 g) was weighed into a separate 14 mL 
vial and degassed with nitrogen in an ice bath for 30 min. An AsAc stock solution (0.01% w/w) was 
weighed into a second 14 mL vial and degassed with nitrogen in an ice bath for 30 min.  After 30 min 
nBA (1.05 ml, 7.32 mmol; target DP = 500) was added to the flask using a degassed syringe and needle 
under nitrogen. The flask contents were then stirred vigorously to ensure thorough mixing and 
degassed for 5 min before being immersed in an oil bath set at 30°C. After 1 min, AsAc (0.09 ml, 4.9 
μmol; KPS/AsAc molar ratio = 1.0) was added to the flask. The nBA polymerization was allowed to 
proceed for 1 h before being quenched by exposing the reaction solution to air and immersing the 
reaction vial in an ice bath. 1H NMR spectroscopy analysis of the disappearance of vinyl signals at 5.8 
and 6.1 ppm (relative to the integrated three protons at 0.9−1.0 ppm assigned to the pendant methyl 
group of PnBA) indicated a final nBA conversion of 99%. Chloroform GPC analysis of this copolymer 
indicated a Mn of 86.6 kg mol−1 and an Mw/Mn of 1.56. Other diblock copolymer compositions were 
obtained by adjusting the nBA/PNAEP67 molar ratio. 
Synthesis of PNAEP67-P(S-stat-nBA)x Diblock Copolymer Nanoparticles via RAFT Aqueous Emulsion 
Polymerization of n-Butyl Acrylate at 30 °C. A typical protocol used for the synthesis of the 
PNAEP67−P(S-stat-nBA)400 diblock copolymer was as follows: PNAEP67 macro-CTA (0.185 g, 14.6 μmol), 
deionized water (3.472 g, corresponding to a 20% w/w solution) and KPS (1.320 mg, 4.9 μmol; 
PNAEP67/KPS = 3.0) were weighed into a 10 mL round-bottom flask charged with a magnetic flea. HCl 
(10 µL, 0.2 M) was added to reduce the pH to 3.0. This flask was then immersed in an ice bath, and 
the solution was degassed with nitrogen for 30 min. nBA and styrene (1.500 g) were weighed into 
separate 14 mL vials and degassed with nitrogen in an ice bath for 30 min. An AsAc stock solution 
(0.01% w/w) was weighed into a second 14 mL vial and degassed with nitrogen in an ice bath for 30 
min.  After 30 min styrene (0.34 ml, 2.97 mmol) and nBA (0.41 ml, 2.89 mmol; overall copolymer DP = 
400, nBA content = 55 % by mass) was added to the flask using a degassed syringe and needle under 
nitrogen. The flask contents were then stirred vigorously to ensure thorough mixing and degassed for 
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5 min before being immersed in an oil bath set at 30°C. After 1 min, AsAc (0.09 ml, 4.9 μmol; KPS/AsAc 
molar ratio = 1.0) was added to the flask. The polymerization was allowed to proceed for 3 h before 
being quenched by exposing the reaction solution to air and immersing the reaction vial in an ice bath. 
1H NMR spectroscopy analysis of the disappearance of vinyl signals at 5.8 and 6.1 ppm (relative to the 
integrated three protons at 0.8−1.0 ppm assigned to the pendant methyl group of PnBA) and the vinyl 
signals at 5.3 and 5.8 ppm (relative to the integrated five aromatic protons at 6.5–7.2 ppm assigned 
to PS) indicated a final comonomer conversion of 99% conversion. Chloroform GPC analysis of this 
copolymer indicated a Mn of 86.6 kg mol−1 and an Mw/Mn of 1.56. Other diblock copolymer 
compositions were obtained by adjusting the (styrene+nBA)/PNAEP67 molar ratio. 
1H NMR Spectroscopy. All 1H NMR spectra were recorded in CDCl3 using a 400 MHz Bruker Avance-
400 spectrometer with 64 scans being averaged per spectrum. Anhydrous MgSO4 was used as a 
desiccant to remove water and hence enable molecular dissolution of each diblock copolymer.  
Gel Permeation Chromatography (GPC). Copolymer molecular weights and dispersities were 
determined using an Agilent 1260 Infinity GPC system equipped with both refractive index and 
UV−visible detectors. Two Agilent PL gel 5 μm Mixed-C columns and a guard column were connected 
in series and maintained at 35 °C. HPLC-grade chloroform containing 0.25% w/w triethylamine was 
used as the eluent and the flow rate was set at 1.0 mL min−1. The refractive index detector was used 
for calculation of molecular weights and dispersities by calibration using a series of ten near-
monodisperse polystyrene standards (with Mn values ranging from 370 to 2,520,000 g mol−1).  
Transmission Electron Microscopy (TEM). As-prepared 20% w/w copolymer dispersions were diluted 
at 20 °C to generate 0.10% w/w aqueous dispersions. Copper/palladium TEM grids (Agar Scientific, 
UK) were coated in-house to produce thin films of amorphous carbon. These grids were then treated 
with a plasma glow discharge for 30 s to create a hydrophilic surface. One droplet of aqueous diblock 
copolymer dispersion (20 μL; 0.10% w/w) was placed on a freshly-treated grid for 1 min and then 
blotted with filter paper to remove excess solution. To stain the deposited nanoparticles, an aqueous 
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solution of uranyl formate (10 μL; 0.75% w/w) was placed on the sample-loaded grid via micropipet 
for 20 s and then carefully blotted to remove excess stain. Each grid was then dried using a vacuum 
hose. Imaging was performed using a Philips CM100 instrument operating at 100 kV and equipped 
with a Gatan 1 k CCD camera. 
Dynamic Light Scattering (DLS). Measurements were conducted at 25 °C using a Malvern Instruments 
Zetasizer Nano series instrument equipped with a 4 mW He−Ne laser (λ = 633 nm) and an avalanche 
photodiode detector. Scattered light was detected at 173°. Copolymer dispersions were diluted to 
0.10% w/w prior to analysis. Intensity-average hydrodynamic diameters were averaged over three 
runs and calculated using the Stokes-Einstein equation. 
Differential Scanning Calorimetry (DSC). DSC studies were performed using a TA Instruments 
Discovery DSC instrument equipped with TZero low-mass aluminum pans and hermetically-sealed lids. 
Copolymers (and homopolymers) were equilibrated above their glass transition temperatures for 10 
min before performing two consecutive thermal cycles at a rate of 10 °C min-1. Two cycles were 
performed to minimize the thermal history of each sample. 
Film preparation and visible absorption spectroscopy. Spin-coated copolymer films were prepared by 
depositing a 200 µL aliquot of a 20% w/w aqueous dispersion onto a glass slide mounted on a vacuum-
free Ossila Spin Coater (initially rotating at 250 rpm, followed by rapid acceleration up to 3000 rpm 
for 15 min). For transmittance studies, films were prepared as described above and their transparency 
was assessed by visible absorption spectroscopy using a Perkin-Elmer Lambda 25 spectrometer. 
Spectra were recorded from 200 to 800 nm at 2 nm intervals at a scan speed of 960 nm/min. 
Copolymer film thicknesses were measured using a micrometre screw gauge. 
Results and Discussion 
 A PNAEP67 macro-CTA was synthesized via RAFT solution polymerization of NAEP in deionized 
water at 30 °C using 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) as the chain 
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transfer agent (CTA) and 1:1 KPS/AsAc as a low-temperature redox initiator pair at a [DDMAT]/[KPS] 
molar ratio of 100. In principle, the relatively low initiator concentration should reduce termination 
during the synthesis of the PNAEP macro-CTA, thus improving the blocking efficiency for its 
subsequent chain extension.11 This PNAEP67 macro-CTA was then chain-extended via RAFT aqueous 
emulsion polymerization of styrene using VA-044 ([PNAEP67]/[VA-044] molar ratio = 3.0) at 80 °C, see 
Scheme 1.  
 
Scheme 1. Synthesis of PNAEP67-PSx diblock copolymer nanoparticles via RAFT aqueous emulsion 
polymerization of styrene at 80 °C using a [PNAEP67]/[VA-044] molar ratio of 3.0.  
 The kinetics for the RAFT emulsion polymerization of styrene at 80 °C was monitored for a 
target PNAEP67-PS350 diblock composition. Periodic sampling involved dilution of each aliquot 
extracted from the reaction mixture using CDCl3, which is a good solvent for both the PNAEP and PS 
blocks. Anhydrous MgSO4 was utilized as a desiccant to remove water in order to overcome this 
solvent’s immiscibility with CDCl3 and hence achieve molecular dissolution of the diblock copolymer 
chains. After quenching the polymerization via dilution and cooling to 20 °C, each sample was analyzed 
by 1H NMR spectroscopy and chloroform GPC (Figure 1).  The former technique indicated that more 
than 95% conversion was achieved within 40 min. Furthermore, the semi-logarithmic plot suggests an 
approximate thirty-fold increase in rate occurred between 10.0 and 12.5 min (Figure 1a), with the 
earlier time point corresponding to the onset of nanoparticle formation. This rate enhancement is 
well-known for PISA syntheses and is attributed to micellar nucleation.6, 91, 92  This hypothesis was 
confirmed via DLS analysis of aliquots taken from the reaction mixture (see Figure S1a). The growing 
PS chains become insoluble when they reach a critical DP, which drives in situ self-assembly to form 
nascent nanoparticles. For the present PISA formulation, this critical DP is around 5, which 
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corresponds to just 8% conversion. Chaduc et al. performed the RAFT aqueous emulsion 
polymerization of styrene at 80 °C in the presence of a poly(acrylic acid) (PAA) macro-CTA between 
pH 2.5 and 7.0.55 Empirically, the optimum solution pH was found to be pH 2.5. However, the evolution 
in Mn and Mw/Mn did not display the expected living character when the styrene polymerization was 
performed at pH 7 and induction periods of approximately 1 h were observed.55 Moreover, a 
significant proportion of the initial PAA macro-CTA was consumed via hydrolysis, leading to higher 
than expected final Mn values.55 In the present study, much shorter induction periods of around 10 
min were observed at pH 7, which is attributed to the fact that VA-044 was employed at 80 °C. The 
ten-hour half-life for this initiator is only 44 °C so the radical flux is relatively high at the reaction 
temperature, leading to rapid polymerization even for the relatively low concentration of styrene that 
is dissolved in the aqueous phase (estimated to be 0.62 g dm-3 at 80 °C93). Unlike the observations 
made by Chaduc and co-workers, poor colloidal stability was observed for PISA syntheses conducted 
below pH 6. Acid titration studies indicated that the terminal carboxylic acid (-COOH) group on the 
PNAEP stabilizer chains has a pKa of approximately 5.25 (see Figure S2). Thus, maintaining colloidal 
stability during the PISA synthesis requires a relatively high degree of ionization (>50%) of these acidic 
end-groups, otherwise macroscopic precipitation occurs. In this context, it is perhaps noteworthy that 
Gibson et al. recently reported similar observations when using carboxylic acid-functionalized PNMEP 
stabilizer blocks.81 Presumably, the anionic character conferred by the carboxylate end-groups confers 
additional (electrosteric) colloidal stability, which is sufficient to prevent nanoparticle aggregation. 
Perhaps surprisingly, lowering the solution pH from pH 8.9 to pH 2.1 did not induce colloidal instability 






Figure 1. (a) Conversion vs time curve and corresponding semi-logarithmic plot determined by 1H NMR 
spectroscopy during the RAFT aqueous emulsion polymerization of styrene at 80 °C when targeting 
PNAEP67-PS350 diblock copolymer nanoparticles. Conditions: 20% w/w solids, [PNAEP67]/[VA-044] 
molar ratio = 3.0. (b) Evolution of Mn and Mw/Mn against conversion determined by chloroform GPC 
using a series of near-monodisperse polystyrene calibration standards. The dashed line indicates the 
corresponding theoretical Mn values.  
When using a [PNAEP67]/[VA-044] molar ratio of 3.0 and targeting a polystyrene DP of 350, 
chloroform GPC analysis indicated a linear evolution of molecular weight with conversion. Moreover, 
































































consistent with a well-controlled RAFT polymerization. However, the experimental GPC data deviate 
significantly from the theoretical Mn values at low conversion. This discrepancy is likely to be a 
systematic error incurred by the use of polystyrene standards because much better agreement was 
observed at higher conversions as the growing diblock copolymer chains gradually become more 
polystyrene-rich. Four PNAEP67-PSx diblock copolymers were prepared by targeting polystyrene DPs 
ranging between 100 and 1250 while maintaining the same 20% w/w solids concentration. More than 
98% styrene conversion was achieved when targeting DPs of up to 700, with relatively narrow MWDs 
being maintained (Mw/Mn ≤ 1.30) (Figure 2).  
 
Figure 2. Chloroform GPC curves obtained for PNAEP67-PSx diblock copolymers prepared at 20% w/w 
solids via RAFT aqueous emulsion polymerization of styrene at 80 °C (where x = 100, 350, 700 or 1000). 
Molecular weight data are expressed relative to a series of near-monodisperse polystyrene calibration 
standards. High conversions (> 98 %) were obtained when targeting PS DPs of up to 700, but only 80% 
conversion was achieved when targeting a PS DP of 1250 (green curve). 
However, only 80% styrene conversion could be achieved when targeting a polystyrene DP of 
1250. This is because such formulations require a relatively low concentration of the PNAEP67 
precursor and hence also the VA-044 initiator. Thus the radical flux is significantly lower, which in turn 
affects the rate of polymerization. Chloroform GPC analysis of the four PNAEP67-PSx diblock 
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copolymers shown in Figure 2 confirmed relatively high blocking efficiencies for the PNAEP67 precursor 
and indicated a linear evolution in Mn when targeting longer PS block DPs.  
 Dynamic light scattering (DLS) was used to characterize dilute aqueous dispersions of the 
three PNAEP67-PSx formulations for which 100% conversion was achieved (Figure 3). For a fixed 
PNAEP67 precursor, targeting higher PS DPs proved to be a highly convenient means of controlling the 
overall particle size. For example, amphiphilic PNAEP67-PS100 chains self-assembled to form 
nanoparticles with a mean hydrodynamic diameter of 55 nm, while PNAEP67-PS700 formed 
nanoparticles of 156 nm diameter. Moreover, relatively narrow particle size distributions were 
obtained (PDI < 0.10). These DLS data were supported by TEM studies, which confirmed a well-defined 
spherical morphology in each case (Figure 3b). This suggests kinetically-trapped morphologies when 
targeting highly asymmetric diblock compositions such as PNAEP67-PS700.94 Thus, the steric 
stabilization conferred by the PNAEP67 stabilizer block is sufficient to prevent the stochastic 1D fusion 
of multiple spheres, which is a prerequisite for the production of so-called ‘higher order’ morphologies 
such as worms or vesicles.6, 94, 95 A range of diblock copolymer compositions and copolymer 
concentrations were explored, but in all cases only spherical morphologies were obtained (see Figure 
S4). However, in at least some cases this restrictive paradigm can be overcome. For example, Hawkett 
and co-workers recently prepared polystyrene-based diblock copolymer vesicles via RAFT aqueous 
emulsion polymerization of styrene.84 Currently, there is no convincing explanation for this rather 
puzzling aspect of aqueous PISA formulations, although incorporating oligo(ethylene glycol) 
(meth)acrylate comonomers does seem to be a useful, if rather empirical, approach for accessing 





Figure 3. PNAEP67-PSx diblock copolymer nanoparticles prepared at 20% w/w solids via RAFT aqueous 
emulsion polymerization of styrene at 80 °C: (a) DLS particle size distributions obtained for x = 100, 
350 and 700; (b) the corresponding TEM images showing well-defined kinetically-trapped spherical 
nanoparticles in each case. 
The same PNAEP67 was also used for the RAFT aqueous emulsion polymerization of n-butyl 
acrylate (nBA). It is well-established that acrylic polymerizations undergo chain transfer to polymer 
and that this side-reaction is more pronounced at higher temperatures (see Figure S5).97-99In view of 
this problem, a well-known low-temperature redox initiator couple100-102 composed of potassium 
persulfate (KPS) and ascorbic acid (AsAc) was used to conduct the RAFT aqueous emulsion 
polymerization of nBA at 30 °C in order to minimize the degree of branching (Scheme 2).  
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Scheme 2. Synthesis of PNAEP67-PnBAx diblock copolymer nanoparticles via RAFT aqueous emulsion 
polymerization of n-butyl acrylate at 20% w/w solids using a [PNAEP67]/[KPS] molar ratio of 3.0 and a 
[KPS]/[AsAc] molar ratio of 1.0. This low-temperature redox couple enables the polymerization to be 
conducted at 30 °C. 
Representative kinetic data obtained for the RAFT aqueous emulsion polymerization of nBA 
at 30 °C when targeting a PNAEP67-PnBA500 diblock copolymer nanoparticles at 20% w/w solids is 
shown in Figure 4. Aliquots were taken from the polymerizing reaction solution at regular time 
intervals prior to analysis by 1H NMR spectroscopy. The nBA polymerization proceeded after a 
relatively short induction period (5 min) after which an approximate 21-fold rate increase was 
observed, corresponding to 7% nBA conversion (Figure 4a). Moreover, visual inspection of the reaction 
mixture indicated that clarification of the initially milky emulsion occurred on the same time scale. DLS 
analysis of aliquots taken from the reaction mixture confirmed that this acceleration coincided with 
micellar nucleation (see Figure S1b), for which the critical PnBA DP is around 35. First-order kinetics 
were then observed up to 90% conversion and more than 99% nBA conversion was achieved within 





Figure 4. PISA synthesis of PNAEP67-PnBA500 nanoparticles at 20% w/w solids via RAFT aqueous 
emulsion polymerization of nBA at 30 °C prepared using a [PNAEP67]/[KPS] molar ratio of 3.0: (a) 
conversion vs time curve and the corresponding semilogarithmic plot against time as determined by 
1H NMR spectroscopy; (b) evolution of Mn and Mw/Mn against conversion determined by chloroform 
GPC using a series of near-monodisperse polystyrene calibration standards. 
Reasonable RAFT control over this polymerization was confirmed by chloroform GPC analysis, 
which revealed a linear relationship between Mn and monomer conversion. However, significantly 
broader MWDs (Mw/Mn < 1.65) were obtained compared to those observed for the styrene 
polymerizations, see Figure 4b. Similar observations have been reported for the RAFT aqueous 
































































systematically higher than that expected. This can be partially attributed to the structural differences 
between the PNAEP-PnBAx diblock copolymers and the polystyrene standards used for GPC 
calibration. However, chain transfer to polymer is also likely to play a role here.98 
Five PNAEP67-PnBAx diblock compositions were targeted at 20% w/w solids via RAFT aqueous 
emulsion polymerization of nBA at 30°C. At least 99% conversion was achieved within 1 h when 
targeting PnBA DPs of up to 750, as confirmed by 1H NMR spectroscopy. However, only 72% 
conversion was achieved when targeting a PnBA DP of 1250. Chloroform GPC analysis indicated 
relatively good RAFT control (Mw/Mn = 1.38) was achieved for a PnBA DP of 100 but relatively broad 
MWDs (Mw/Mn > 1.50) were obtained when targeting PnBA DPs above 250. Furthermore, GPC analysis 
confirmed that the final diblock copolymer MWDs were contaminated with 5–10% residual PNAEP67 
precursor (Figure 5). This suggests slightly lower blocking efficiencies than those achieved for the 
PNAEP67-PSx nanoparticle syntheses (Figure 2). 
 
Figure 5. Chloroform GPC curves recorded for PNAEP67-PnBAx diblock copolymers (where x = 100, 250, 
500, 700 or 900) prepared at 20% w/w solids via RAFT aqueous emulsion polymerization of nBA at 30 
°C. Molecular weight data are expressed relative to a series of near-monodisperse polystyrene 
calibration standards.  
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 DLS analysis indicated that the mean sphere-equivalent nanoparticle diameter could be 
readily tuned from 45 nm to 141 nm simply by varying the target DP of the core-forming PnBA block 
from 100 to 700 for this PNAEP67-PnBAx diblock copolymer series (Figure 6). Moreover, the relatively 
low DLS polydispersities are consistent with a kinetically-trapped spherical morphology. 
Unfortunately, the relatively low Tg of PnBA homopolymer (–54 °C)103 precluded meaningful TEM 
analysis of such nanoparticles. 
 
Figure 6. DLS particle size distributions recorded for four examples of PNAEP67-PnBAx diblock 
copolymer nanoparticles (x = 100, 250, 500 and 700) prepared at 20% w/w solids via RAFT aqueous 
emulsion polymerization of nBA at 30 °C. 
Finally, PNAEP67-P(S-stat-nBA)x diblock copolymer nanoparticles were synthesized via RAFT 
emulsion statistical copolymerization of styrene (45 wt.%) with n-butyl acrylate (55 wt. %) at 20% w/w 
solids. Broad MWDs (Mw/Mn > 3.00) were observed when the synthesis of PNAEP67-P(S-stat-nBA)x 
nanoparticles was attempted using the VA-044 initiator at 80 °C and pH 7, which correspond to the 
optimal conditions identified for the RAFT aqueous emulsion homopolymerization of styrene (see 
Figure S6). This problem is attributed to chain transfer to polymer at this relatively high reaction 
temperature. Moreover, some coagulum (> 15%) was also observed for such high-temperature PISA 
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syntheses. Thus, in order to ensure reasonable RAFT control and the formation of colloidally stable 
nanoparticles, the low-temperature redox initiator was utilized at pH 3, see Scheme 3.  
 
Scheme 3. Synthesis of PNAEP67-P(S-stat-nBA)x diblock copolymer nanoparticles via RAFT aqueous 
emulsion statistical copolymerization of styrene with n-butyl acrylate at 30 °C using a [PNAEP67]/[KPS] 
molar ratio of 3.0 and a [KPS]/[AsAc] molar ratio of 1.0. 
 
Figure 7. Conversion vs time curve (as determined by 1H NMR spectroscopy) and the corresponding 
semilogarithmic plot obtained during the PISA synthesis of PNAEP67-P(S-stat-nBA)100 nanoparticles 
prepared at 20% w/w solids via RAFT aqueous emulsion statistical copolymerization of 45 wt. % 
styrene (red squares) with 55 wt.% nBA (blue diamonds) at 30 °C using a [PNAEP67]/[KPS] molar ratio 
of 3.0. 
The kinetics for the RAFT aqueous emulsion statistical copolymerization of styrene and nBA 



































at regular time intervals and each reaction mixture was quenched by dilution and analyzed in turn 
using 1H NMR spectroscopy (Figure 7).  A much longer induction period (95 min) was observed for this 
copolymerization compared to those observed for the homopolymerization of styrene (10 min) or nBA 
(5 min) using the same PNAEP67 precursor (see Figure 1 and Figure 4). Currently, we have no 
satisfactory explanation for this unexpected observation. The vinyl signals for the two comonomers 
were readily distinguishable by 1H NMR spectroscopy, which meant that their individual rates of 
reaction could be monitored (see Figure S7 in the Supporting Information). After 105 min, the 
comonomer conversions were 11% for nBA and 8% for styrene: this is not unexpected given the 
significantly greater reactivity of the acrylic comonomer.104 This time point appears to approximately 
correspond to the micellar nucleation event, with much greater rates of copolymerization being 
observed thereafter. The initial gradients were calculated for each comonomer from their 
corresponding semilogarithmic plots: the initial rate of copolymerization of nBA was 1.5 times faster 
than that of styrene. After 110 min, consumption of both comonomers had reached 62%. However, 
nBA was fully consumed after 130 min but only 95% styrene conversion had been achieved at this 
point. After 140 min, the styrene conversion reached 99%, indicating that very high final comonomer 






Figure 8. Chloroform GPC curves recorded for PNAEP67-P(S-stat-nBA)x (where x = 100 or 400) diblock 
copolymer nanoparticles prepared at 20% w/w solids via RAFT aqueous emulsion statistical 
copolymerization of 45 wt.% styrene and 55 wt.% nBA at 30 °C. Molecular weight data are expressed 
relative to a series of near-monodisperse polystyrene calibration standards. 
Two PNAEP67-P(S-stat-nBA)x diblock copolymer formulations (where x = 100 or 400) were 
further investigated. 1H NMR studies indicated that at least 99% comonomer conversion was achieved 
within 3 h in each case. Chloroform GPC analysis indicated that high blocking efficiencies and 
reasonable RAFT control (Mw/Mn < 1.55) was achieved (Figure 8). However, when an overall DP of 700 
was targeted, only substantially incomplete conversions (67% and 46% conversion for nBA and 
styrene, respectively) were achieved under the same conditions. DLS and TEM studies on a 0.1% w/w 
dispersion of PNAEP67-P(S-stat-nBA)400 nanoparticles indicated kinetically-trapped spheres with a 
mean hydrodynamic diameter of 99 nm and a relatively narrow particle size distribution (DLS 
polydispersity = 0.08) were obtained (Figure 9). 
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Figure 9. DLS particle size distribution and the corresponding TEM image showing well-defined 
kinetically-trapped PNAEP67-P(S-stat-nBA)400 spheres are formed at 20% w/w solids via RAFT aqueous 
emulsion statistical copolymerization of styrene and nBA at 30 °C. 
  
Differential scanning calorimetry (DSC) was used to determine Tg values for the PNAEP67-
PnBA100, PNAEP67-P(S-stat-nBA)100, PNAEP67-P(S-stat-nBA)400 and PNAEP67-PS100 diblock copolymers 
(Figure 10). Each diblock copolymer was dried from its 20 % w/w aqueous dispersion in a vacuum oven 
at 30 °C for at least 24 h prior to analysis. DSC studies were performed using hermetically-sealed 
aluminium pans at a heating rate of 10 °C min-1.  
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Figure 10. Differential scanning calorimetry (DSC) curves recorded at a heating rate of 10 °C min-1 for 
PNAEP67-PnBA100, PNAEP67-P(S-stat-nBA)100, PNAEP67-P(S-stat-nBA)400, PNAEP67-PS100 and PNAEP67 
macro-CTA. DSC curves are arbitrarily offset for the sake of clarity. 
 DSC studies indicated that the PNAEP67-PnBA100 diblock copolymer had two distinct Tg values, 
indicating microphase separation between the hydrophilic and hydrophobic blocks (Figure 10). The 
lower Tg was observed at –46.9 °C which is close to that reported for PnBA homopolymer (–54 °C).103 
The second Tg occurred at 2.1 °C and is attributed to the PNAEP67 block, because the Tg of the PNAEP67 
precursor is 4.2 °C. The DSC curve recorded for the PNAEP67-PS100 diblock copolymer also exhibits two 
distinct Tg values at 1.3 and 81.1 °C, which correspond to the microphase-separated PNAEP and PS 
blocks, respectively.   
According to Fox, the Tg of a statistical copolymer can be calculated using Equation 1.105 
1𝑇𝑔 =  𝑤1𝑇𝑔1 +  𝑤2𝑇𝑔2     (1) 
 Where w1 and w2 are the weight fractions of the two comonomers and Tg1 and Tg2 are the Tg 
values for their respective homopolymers. Using the experimental Tg values for the PS100 and PnBA100 
blocks obtained above, the theoretical Tg of the PNAEP67-P(S-stat-nBA)100 diblock copolymer was 
calculated to be 9 °C. This compares well with the experimental Tg value of 7.8 °C obtained from the 














































corresponding DSC trace shown in Figure 10. However, the Tg of the PNAEP67 block could not be 
observed because this thermal transition overlaps with that of the statistical copolymer block (Figure 
10). Finally, increasing the DP from 100 to 400 raised the copolymer Tg from 7.8 to 18.0 °C, which was 
sufficient to enable the PNAEP67 block Tg to be observed at approximately 1.3 °C. 
 The optical transparency of PNAEP67-PS400, PNAEP67-PnBA400 and PNAEP67-P(S-stat-nBA)400 
copolymer films prepared by spin-coating the corresponding aqueous dispersions onto glass slides was 
initially assessed by visual inspection. Unexpectedly, spin-coating PNAEP67-PS400 dispersions when 
targeting thin layers produced relatively good-quality films despite the high Tg of the PS component. 
However, increasing the film thickness led to embrittlement and a progressive reduction in 
transparency. Using PNAEP67-PnBA400 dispersions led to tacky, highly transparent films. Films prepared 
by spin-coating PNAEP67-P(S-stat-nBA)400 produced non-tacky, highly transparent films. Film 
transmittances were then assessed for three copolymer films of approximately the same mean 
thickness using visible absorption spectroscopy, see Figure 11.  
 
Figure 11. Transmission visible absorption spectra recorded for three copolymer films (mean film 
thickness = 20 µm) prepared via spin-coating 20% w/w aqueous dispersions of PNAEP67-PnBA400 (blue), 
PNAEP67-P(S-stat-nBA)400 (purple) and PNAEP67-PS400 (red) nanoparticles onto glass slides at 20 °C. The 


























 For 20 µm PNAEP67-PnBA400 and PNAEP67-P(S-stat-nBA)400 films, the transmission exceeded 
95% over the entire range of wavelengths analyzed (400-800 nm) with the pure PnBA system being 
close to 100% transparent up to 600 nm. Conversely, films prepared from spin-coating a 20% w/w 
aqueous dispersion of PNAEP67-PS400 diblock copolymer nanoparticles remained below 85% 
transmittance. The films were less transparent at shorter wavelengths, but still had a transmittance 
of more than 70% above 400 nm (Figure 11).  
Conclusions 
A trithiocarbonate-based poly(2-(N-acryloyloxy)ethyl pyrrolidone) macro-CTA with a degree 
of polymerization of 67 (PNAEP67) was used for the RAFT emulsion polymerization of styrene, n-butyl 
acrylate and statistical mixtures thereof. RAFT emulsion polymerization of styrene using VA-044 
initiator at 80 °C and pH 7 led to essentially full conversion within 40 min with induction times as short 
as 10 min, while GPC analysis indicated high blocking efficiency and good control over the molecular 
weight distribution (MWD) (Mw/Mn < 1.30).  Dynamic light scattering (DLS) studies confirmed that 
systematically increasing the target DP from 100 to 700 enabled the z-average diameter of the 
resulting polystyrene-core spherical nanoparticles to be adjusted from 55 to 156 nm.  
The same PNAEP67 macro-CTA was then used for the RAFT emulsion polymerization of nBA at 
30 °C using a low-temperature redox initiator at pH 3, with essentially full conversion being achieved 
within 25 min. High blocking efficiencies were observed up to a PnBA target DP of 700 but relatively 
broad MWDs (Mw/Mn < 1.64) were obtained, presumably owing to side-reactions such as chain 
transfer to polymer. DLS studies indicated that a series of PNAEP67-PnBAx diblock copolymer spheres 
(where x = 100 to 700) exhibited z-average diameters ranging from 45 to 141 nm. Broad MWDs 
(Mw/Mn > 3.00) were observed when this synthesis was attempted using the VA-044 initiator at 80 °C 
and pH 7, which correspond to the optimal conditions identified for the RAFT aqueous emulsion 
homopolymerization of styrene. Moreover, coagulum (> 15%) was observed for such high-
temperature PISA syntheses. 
28 
 
Finally, the statistical copolymerization of 45% styrene with 55% n-butyl acrylate was 
conducted with the low-temperature redox initiator at 30 °C using a PNAEP67 macro-CTA. 1H NMR 
analysis indicated a significantly longer induction period (95 min) compared to either 
homopolymerization. Nevertheless, essentially full nBA conversion was achieved after 35 min, with all 
the styrene monomer being consumed within 45 min. DLS and TEM studies confirmed a well-defined 
spherical morphology for these relatively soft nanoparticles (z-average diameter = 99 nm, DLS 
polydispersity = 0.08) Differential scanning calorimetry analysis indicated that these styrene/n-butyl 
acrylate copolymers exhibited intermediate glass transition temperatures compared to the two 
respective homopolymers. Furthermore, these experimental data were in good agreement with 
theoretical values calculated using the Fox equation.  
The film formation behavior of selected diblock copolymer nanoparticles was explored using 
visible adsorption spectroscopy. PNAEP67-PS400 thin layers produced relatively good-quality films 
despite the high Tg of the PS component. However, increasing the film thickness led to embrittlement 
and a reduction in transparency. PNAEP67-PnBA400 films were found to be tacky and highly transparent. 
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 Acid titration curve for an aqueous solution of HOOC-PNAEP67 macro-CTA, hydrodynamic 
diameter (and DLS polydispersity) vs. pH curves obtained for  PNAEP67-PS250 nanoparticles, TEM images 
obtained for a range of PNAEP21-PSx diblock compositions and copolymer concentrations, additional 
GPC curves recorded for PNAEP67-PnBA500 and PNAEP67-P(S-stat-nBA)400 diblock copolymers, 1H NMR 
spectra (CDCl3) recorded during the synthesis of PNAEP67-P(S-stat-nBA)100 nanoparticles. 
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